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INTRODUCTION: 

Our  ultimate  goal  is  to  develop  an  immune-based  gene  therapy  to  successfully  eradicate  prostate  cancer  (CaP)  cells  in 
situ.  We  have  taken  a  combined  approach  of  targeted  cytotoxicity  and  generation  of  a  tumor-specific  immune  response 
with  reversal  of  local  immunosuppression.  The  most  efficient  vehicle  to  deliver  gene  products  to  the  CaP  tumor  site  is 
an  adenoviral  vector  (Ad)  (8- 11).  However,  the  development  of  cellular  and  humoral  immune  responses  (14, 1 5)  against 
viral  gene  products  utilizing  first  generation  (El-deleted)  Ad  would  greatly  hinder  our  immune-based  gene  therapy 
approaches.  We  therefore  propose  to  develop  a  minimal  immunogenic  'gutless'  adenovector  (A- Ad)  for  CaP  which  has 
all  viral  coding  sequences  deleted  and  which  allows  prostate-specific  expression  of  a  cytotoxic  gene  tumor  necrosis 
factor  (TNF-a)  and  an  antisense  transforming  growth  factor  (TGF-P)  RNA  to  reverse  intratumoral  immune  suppression. 


BODY: 


Task  1.  To  develop  a  “gutless  adenoviral  vector  driven  by  PSA  promoter/enhancer  to  improve  safety  and  specificity 
of  prostate  cancer  gene  therapy. 

To  develop  the  gutless  viral  system 
1 .  Generation  of  “gutless  ”  adenovirus  constructs 

The  structure  of  the  “gutless”  adenovector  is  shown  schematically  in  figure  1 .  The  gutless  adenovector  was 


generated  using  pBT3.4  (-)  plasmid.  The  construct  with  (-)  orientation  was  chosen  to  place  the  therapeutic 
transgene(s)  far  from  the  adenoviral  left  terminus  in  order  to  minimize  influences  of  adenoviral  El  enhancer 
sequences.  To  facilitate  the  titration  and  evaluation  of  transduction  efficiency  of  our  gutless  adenoviral  vector, 
we  introduced  marker  green  fluorescence  protein  (GFP)  gene  driven  by  CMV  promoter  into  Xho  I  site  of 
pBT3.4  (-).  pBT3.4  plasmid  was  engineered  with  a  cos  site  inserted  between  sequences  9248  and  9563  to 
facilitate  the  cloning  and  selection  of  large  plasmid  containing  20  Kb  “stuffer”  plus  therapeutic  gene(s).  The 
“stuffer”  fragment,  originated  from  pLIB41-Not  I  plasmid,  is  the  20  Kb  human  ORI  gene  cloned  into  Hind  III 
site.  This  step  of  cloning  was  carried  out  in  the  cosmid  packaging  system  (Gigapack  III  Gold  from 
Stratagene)  and  the  total  size  of  gutless  adenoviral  vector  was  approximately  34  Kb.  The  therapeutic 
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transgenes  will  be  cloned  in  the  Not  I  site  and  the  final  gutless  adenovector  construct  will  be  released  by 
digestion  with  Pmel  prior  to  transfection  with  helper  virus. 

2.  Modification  of  helper  virus 


The  scheme  of ‘gutless’  Ad  propagation  is  shown  in  figure  2.  The  helper  virus  contains  the  p-galactosidase  marker 


gene  which  will  allow  convenient  and  facile  tracking  of  helper  virus  contamination  during  amplification  of  the 
gutless  Ad  (figure  2).  This  helper  virus  we  generated  (figure  3A)  also  processes  two  FRT  sites  flanking  the 
packaging  signal  which  renders  it  un-packageable  in  293FLP. 
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3.  Characterization  of 293Flp  cell  line 

We  have  farther  characterized  the  293Flp  cell,  clone  51  and  its  subclone  5 IT,  to  evaluate  the  efficiency  of  Flp 
mediated  recombination,  i.e.  excision  of  packaging  signal  from  helper  virus.  We  attempted  to  alter  various  cell- 
culturing  conditions  to  improve  Flp  recombination  efficiency.  We  demonstrated  that  excision  is  more  efficient  at 
32°C  than  at  37°C,  88%  vs  80%  respectively  (figure  3B).  This  result  is  logical  since  Flp,  a  yeast  derived  protein, 


Figure  3.  Recombination  of  AdLacZ  helper  virus  In  293Flp  Cells.  A.  structure  of  helper  virus  and  expected 
recombination 

products  detected  on  Southern  blot  after  Xhol  restriction  digest  of  viral  DNA  with  adenoviral  sequence  3334-5778  as  probe. 

B.  Optimization  of  Flp  recombination  at  varying  temperature.  Quantitation  of  the  blot  indicates  recombination  is  88%  vs  80% 

rwnnloto  at  \/c  ^7°  racr\or*ti\/aK/  OCHPIn  rail  rlana  51 T  ic  a  cnhrlnna  rf  rlnna 

probably  function  optimally  at  the  lower  growth  temperature  of  yeast.  We  also  tried  to  reversibly  block  viral  DNA 
replication  as  this  approach  could  keep  the  input  helper  viral  template  low  for  Flp  to  complete  its  function  before 
viral  replication  proceeds  resulting  in  greatly  amplified  viral  templates.  However,  our  attempt  with  use  of 
hydoxyurea  to  reversibly  inhibit  replication  also  resulted  in  complete  blockage  of  Flp  recombination  (data  not 
shown). 

4.  Gutless  virus  propagation 

We  proceeded  to  use  the  helper  virus  and  293Flp  cells  (described  above)  to  propagate  a  gutless  adenovirus 
containing  the  GFP  marker  gene  (AAd-GFP).  The  backbone  of  this  gutless  Ad  is  derived  from  Dr.  Kochanek’s 
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vector,  pSTK120  with  large  genomic  sequence  from  human  HGPRT  locus  0-  The  AAd-GFP  titer,  assayed  by 
green  flourescence  transducing  units  (gtu),  expanded  quite  well  after  the  initial  co-transfection  and  subsequent 
rounds  of  amplification  by  co-infection  (figure  4).  However,  the  helper  virus  titer  assayed  by  lacZ  expression 
and  plaque  formation  also  continued  to  expand  with  no  diminution  after  second  round  (figure  4).  This  result 
indicates  that  the  functional  level  of  Flp  in  293Flp  cell  is  probably  insufficient  to  greatly  incapacitate  the 
packaging  of  the  helper  virus.  To  overcome  this  problem,  we  plan  to  generate  293Flp  cells  where  the  level  of 
Flp  expression  can  be  amplified  greatly  with  linkage  to  inducible  locus  such  as  dhfr  ( ). 


Figure  4.  Growth  and  Amplification  of  gutless  Ad-GFP  with  293Flp  system.  First  round  of  growth  was  initiated  after 
co-transfection  of  293Flp  cells  and  subsequent  rounds  were  performed  with  co-infection  of  gutless  Ad-GFP  and  helper 
virus.  Gutless  virus  yield  after  each  round  was  assayed  by  gene  transfer  units  (gtu).  As  shown  in  left  panels,  cell  lysates 
from  each  round  were  used  to  infect  293  cells  and  enumerate  the  green  flourescent  cells  under  microscopy  with  UV 
illumination.  Helper  virus  content  was  established  by  plaque  forming  units  (pfu)  or  p-galactosidase  histochemical  staining. 

Evaluation  of  tissue  specific  expression  of  the  adenoviral  construct 
We  have  worked  diligently  to  optimize  the  expression  of  PSA  enhancer/promoter  driven  transgene,  as  high 
efficiency  and  specificity  of  transduction  would  most  likely  result  in  effective  in  vivo  gene  therapy.  Our 
preliminary  results  indicate  the  natural  PSA  enhancer/promoter  activity  in  adenovector  is  quite  low  compared  to 
cytomegalovirus  promoter  (CMV),  about  20  fold  lower  (figure  5).  Herpes  simplex  virus  thymidine  kinase  gene 
(TK)  was  utilized  in  adenovectors  (AdCMV-TK  and  AdPSE-TK)  such  that  we  could  follow  in  vivo  gene 
transfer  in  living  animals  by  PET  imaging  (  ). 

We  have  constructed  several  new  PSA  enhancer/promoter  constructs  to  increase  the  promoter  activity.  Due  to 
the  ongoing  patent  application  of  these  new  constructs,  their  detail  structures  will  not  be  disclosed  at  this  time. 
Two  of  the  new  constructs  express  the  linked  marker  gene,  luciferase,  nearly  20  times  higher  than  the  native 
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PSA  enhancer/promoter  (PSE,  -5322  to  -2875  and  -541  to  +11)  in  LNCaP  cells  in  the  presence  of  synthetic 
androgen  R1881  (figure  6).  The  most  potent  construct  is  greatly  enhanced  in  androgen  induction,  1745  fold, 
compared  to  PSE,  428  fold  (figure  7).  Importantly,  the  new  constructs  retain  strict  prostate  specificity  as 
expression  in  non  prostate  cells,  Hela  (cervical  carcinoma)  or  MCF-7  (breast  carcinoma)  is  negligible. 


AdCMV-TK  AdPSE-TK 

M  LN  MC  CL  m  LN  MC  CL 
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Figure  5.  SI  protection  analysis  of  TK  RNA.  Cells  were  infected  with  AdCMV-TK  or  AdPSE-TK  at 
MOI  of  5.  48  hrs.  post  infection,  cytoplasmic  RNA  were  harvested  and  subjected  to  SI  analysis. 
Unprotected  TK  5’  end  labelled  oligonucleotide  probe  is  50  bases.  TK  mRNA  transcribed  from  the 
CMV  or  PSE  promoter  would  expect  to  protect  a  38  bases  probe  fragment.  TK  RNA  expressed  from 
the  CMV  promoter  are  similar  to  all  cells  and  are  20-30x  higher  than  TK  RNA  expressed  from  PSE  in 
LNCaP  and  CL-2  cells.  TK  RNA  from  PSE  in  LNCaP  is  3-5x  higher  than  in  MCF-7. 

M=marker,  LN=LNCaP,  MC=MCF-7  and  CL=CL-2  cells. 


Task  2.  Evaluation  of  anti-tumor  effects  of anti-sense  TGF-/3  constructs  in  vitro 

We  have  demonstrated  that  TGF-P  is  over-expressed  in  high-grade  prostate  tumors  and  correlates  closely  with 
the  occurrence  of  metastasis  and  poor  prognosis.  The  immunoregulatory  properties  of  TGF-P  include  inhibition 
of  T-cell  mediated  tumor  cytotoxicity  in  vitro  and  in  vivo,  inhibition  of  IL-2-dependent  T-cell  proliferation,  and 
impairment  of  lymphokine-activated  killer  and  natural  killer  cell  activation.  TGF-p  antagonizes  the  immune 
stimulatory  effects  of  IL-2  by  down-regulation  of  IL-2  receptors.  TGF-P  also  mediates  angiogenesis  by  up- 
regulating  vascular  endothelial  growth  factor  (VEGF)  and  basic  fibroblast  growth  factor  (bFGF).  Although  the 
exact  mechanisms  of  action  of  TGF-P  in  tumor  cells  are  still  under  investigation,  its  role  as  an  immune 
suppressive  factor  has  been  demonstrated  in  malignant  gliomas,  head  and  neck,  ovarian  and  prostate  cancers. 

Immune  surveillance  is  one  of  the  major  defense  mechanisms  against  cancer.  Thus  increasing  the 
immunogenicity  of  tumor  by  down  regulating  the  potent  immune  suppressor  TGF-P  can  lead  to  a  local  anti-tumor 
effect  and  enhance  the  efficacy  of  combined  immune-based  gene  therapy.  To  achieve  this  goal,  we  used  TGF-P 
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antisense  to  bind  and  inactivate  TGF-P  mRNA  translation  in  prostate  tumor  cells.  A  major  advantage  of  this 
strategy  over  conventional  drug  treatment  is  its  specificity  to  correct  cellular  and  genetic  alterations  in  tumor 


Figure  6.  Activity  of  new  PSA  enhancer  constructs.  Transcriptional  activity  of  all  constructs  were  measured  by  luciferase  activity  after 
transfection  by  lipofectamine.  I  nM  R1881  was  added  to  culture  media  supplemented  with  charcoal  stripped  serum.  Promoter  activities 
are  represented  relative  to  CMV  (=100%).  PSE  is  the  native  PSA  enhancer  (-5322  to  -2875)  and  promoter  (-541  to  +11). 


cells.  The  TGF-P  antisense  plasmid  vectors  pCEP4/TGF*P  were  constructed  with  18-21  bp  DNA  fragments 
corresponding  to  different  regions  of  human  TGF-p  1  and  TGF-P2  cDNA  and  inserted  in  reverse  orientation  into 
BamH  I  and  Hind  III  sites  of  the  plasmid  vector  pCEP4  (Invitrogen,  CA).  In  using  short  antisense  RNAs,  we  are 
attempting  to  increase  the  specificity  of  our  antisenses  in  avoiding  extensive  secondary  structures  formed  by 
target  mRNA.  Six  short  antisenses  (figure  8A)  were  designed  in  an  attempt  to  identify  one  that  would 
specifically  reduce  TGF-P  expression  and  modify  cellular  properties.  Three  antisenses  complementary  to  the 
region  of  the  start  codon,  including  the  ribosome-binding  site,  were  constructed  (AS-1,  AS-2,  AS-3)  as  this  is 
usually  a  more  accessible  site  for  protein-binding  and  initiation  of  translation.  Three  other  antisenses  were 
directed  to  the  region  of  homology  of  TGF-p  1  and  TGF-P2.  Corresponding  control  vectors  were  constructed  in 
sense  orientation.  The  expression  of  TGF-P  antisense  sequence  in  pCEP4  is  driven  by  CMV  promoter  and  the 
vector  also  contains  the  hygromycin  resistance  gene.  Two  prostate  cancer  cell  lines  (PC-3;  CL1)  and  bladder 
cancer  cells  (T24)  were  transfected  with  pCEP4/TGF-P  antisense  vectors.  Pools  of  clones  were  selected  from 
cultures  with  increasing  amounts  of  hygromycin  up  to  200  pg/ml  (Sigma,  MO). 

The  efficacy  of  antisense  constructs  in  inhibiting  TGF-P  1  and  TGF-P2  expression  was  first  evaluated  in  total 
cell  RNA  isolated  from  tumor  cells  by  RT-PCR.  The  selectivity  of  TGF-P  antisenses  for  their  targeted  proteins 
was  further  measured  in  culture  supernatants  by  enzyme-linked  immunosorbent  assay  (ELISA,  R&D  Systems)  in 
duplicate  and  compared  to  control  groups. 

Short  TGF-P  antisense  RNAs  inhibit  between  40%  (AS-5)  to  22%  (AS-1,  AS-2,  AS-4)  of  TGF-P2  in  T24  cells 
but  did  not  inhibit  significantly  TGF-P2  expression  in  two  prostate  tumor  cell  lines  tested  (Fig.8B,  C).  Possibly 
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the  18-21  bp  antisense  sequences  transcribed  from  pCEP4  plasmid  might  be  too  short  to  recognize  TGF-P  mRNA 
or  the  long  polyA  tail  that  follows  the  antisenses  might  obscure  the  accessibility  to  their  targets.  Although  our 
initial  goal  was  to  increase  the  specificity  and  facilitate  the  binding  of  short  antisenses  in  open  target  sequences  of 
TGF-P2  mRNA  secondary  structure,  they  appeared  to  be  ineffective. 

We  will  take  two  alternative  approaches  to  overcome  this  problem.  We  will  construct  two  TGF-p  antisenses 
using  the  same  vector  but  containing  a  300  bp  DNA  (PCR-amplified)  fragment  corresponding  to  the  start  codon 
region  of  TGF-p2  cDNA  (ATCC,  VA)  and  a  150  bp  DNA  fragment  corresponding  to  the  region  of  homology 
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Figure  7.  Prostate  specificity  of  new  PSA  enhancer  constructs.  Transcriptional  activity  of  all  constructs  were  measured  in  LNCaP 
(prostate  cells)  or  Hela  (cervical  carcinoma)  after  transfection  in  culture  media  with  10%  charcoal  stripped  serum  (no  androgen)  or  with 
I  nM  R1881.  Androgen  induction  represents  luciferase  activity  in  the  presence  of  androgen  over  no  androgen.  Prostate  specificity  was 
Calculated  using  luciferase  activity  in  LNCaP  over  Hela. 


between  TGF-p  1  and  TGF-P2.  We  will  also  test  short,  synthetic  strands  of  DNA  antisenses  with  modified 


phosphate  backbones  to  retard  nuclease  degradations.  Phosphorothioates  have  one  oxygen  replaced  by  a  sulfur 
atom  in  the  phosphate  backbone.  Phosphorothioate  oligonucleotides  have  been  studied  extensively  in  vitro,  in 
vivo  and  in  clinical  trials  for  several  cancer  models.  Its  lack  of  toxicity  and  relative  stability  in  vivo  has  made 


antisense  phosphorothioates  oligonucleotides  an  excellent  specific  therapeutic  agent. 


Task  3.  Evaluation  of  anti-tumor  effects  of Ad-TNF-a  both  in  vivo  and  in  vitro 
TNF-a  significantly  upregulated  the  expression  of  HLA  class  I  and  intracellular  adhesion  molecule  (ICAM)  I 
antigens  in  CaP  cells  (Belldegrun,  Cancer).  Additionally,  TNF-a  treatment  led  to  reduction  in  c-myc,  epidermal 
growth  factor  receptor,  PSA,  and  AR  expression  levels.  Other  pleiotropic  anti-tumor  effects  of  TNF-a  included 
direct  cytotoxicity,  induction  of  hemorrhagic  necrosis  in  addition  to  immune-modulation.  Although  clearly  the 
most  potent  cytokine  with  anti-tumor  activity  in  vitro  and  in  vivo,  discovered  so  far,  the  clinical  utility  of  TNF-a  has 
been  limited  by  its  tremendous  systemic  toxicity  and  due  to  insufficient  delivery  of  TNF-a  to  the  tumor  site.  We 
proposed  to  restrict  TNF-a  expression  to  CaP  tissue  using  our  prostate-specific  PSE  in  an  Ad  vector.  Alternatively, 
we  have  also  explored  the  use  of  TNF-related  protein  (TNF  related  apoptosis  inducing  ligand,  TRAIL)  which 
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appeared  to  induce  apoptosis  more  specifically  in  tumor  cells  and  not  in  normal  cells  (10).  The  tumoricidal 
activity  of  TRAIL  was  recently  demonstrated  in  vivo  in  a  mammary  carcinoma  model  in  SCID  mice  (38).  The 
result  that  no  significant  systemic  toxicity  was  observed  in  the  animals  is  quite  encouraging. 

TRAIL  or  Apo-2  ligand  is  a  member  of  the  TNF  superfamily  (14)  whose  amino  acid  sequence  showed  high 


Figure  8.  TGF-p  antisense  constructs  and  the  suppression  of  TGF-p  expression  in  various  cells.  Antisense  constructs  homologous 
to  different  region  of  TGF-b  transcript  is  shown  in  A.  Section  B  shows  the  expression  level  quantitate  by  RT-PCR  in  different  cell  lines 
stably  expressing  the  noted  antisense  construct.  In  C  these  cell  lines  are  analyzed  for  their  TGF-b  protein  secreted.  Control  = 
untransfected  cell.  S  denotes  cell  line  containing  the  sense  construct  (control).  pCEP4  denotes  cell  line  carrying  the  empty  plasmid  vector. 
T24  is  a  bladder  carcinoma,  PC3  is  prostate  carcinoma,  CI-1  is  an  androgen  independent  prostate  carcinoma. 


homology  to  TNF-a  and  Fas-ligand.  The  mechanism  of  TRAIL  mediated  tumor  selective  apoptosis  with  sparing 
of  normal  cells  is  unclear.  The  multiple  TRAIL  receptors  and  decoy  receptors  and  their  complex  downstream 
signalling  cascade  certainly  contribute  to  the  intricate  control  of  this  apoptotic  pathway.  A  molecule  with  potent 
tumoricidal  effect  yet  non-toxic  to  normal  tissue  will  be  of  extreme  important  to  the  field  of  cancer  therapeutics. 
We  review  the  utility  of  TRAIT,  as  a  potential  therapeutic  agent  in  a  paper  titled  “Tumor  Necrosis  factor-related 
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apotosis-inducing  ligand  (TRAIL)  for  treatment  of  Prostate  Cancer:  first  results  and  review  of  the  literature”  (in 
press  in  Prostate  Can  &  Prostat  Dis,  1999,  manuscript  enclosed  in  appendices  section). 

We  have  also  developed  an  androgen  independent  prostate  cancer  cell  line  such  that  we  can  use  our  gene  therapy 
scheme  to  treat  this  aggressive  disease  in  animals.  This  cell  line  is  characterized  in  detail  and  submitted  for 
publication  in  an  article  titled  'Androgen  Deprivation  Induces  Outgrowth  of  Aggressive  Hormone  Refractory 
Prostate  Cancer  Clones  Expressing  Distinct  Cellular  and  Molecular  Properties  Not  Present  in  Parental  Androgen- 
Dependent  Cancer  Cells’  (manuscript  enclosed  in  appendices  section). 
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KEY  RESEARCH  ACCOMPLISHMENTS: 

Gutless  adenovectors  are  under  construction 
Helper  virus  has  been  generated 

-  Cell  line  to  propagate  gutless  Ad  has  been  generated  and  further  characterized 

New  PSA  enhancer  promoter  constructs  have  been  generated  with  greatly  increased  activity  yet  retain 
exquisite  tissue  specificity 

Evaluation  of  TGF-b  antisense  constructs  has  been  ongoing 

-  Careful  analysis  of  a  TNF-a  related  cytokine  with  potential  much  less  systeimic  toxicity  for  use  in  prostate 
cancer  therapy 

Generation  of  an  aggressive  androgen  independent  prostate  cancer  cell  line  and  tumor  model 
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REPORTABLE  OUTCOMES: 

1.  Manuscript:  “Tumor  Necrosis  factor-related  apotosis-inducing  ligand  (TRAIL)  for  treatment  of  Prostate 
Cancer:  first  results  and  review  of  the  literature”  (in  press  in  Prostate  Can  &  Prostat  Dis,  1999) 

2.  Manuscript:  “Androgen  Deprivation  Induces  Outgrowth  of  Aggressive  Hormone  Refractory  Prostate  Cancer 
Clones  Expressing  Distinct  Cellular  and  Molecular  Properties  Not  Present  in  Parental  Androgen-Dependent 
Cancer  Cells”  submitted 

3.  Patent  application  in  progress  on  the  CL-1  and  CL-2  cell  line  and  tumor  model 

4.  Patent  application  in  progress  on  the  new  PSA  enhancer/promoter  constructs 
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CONCLUSIONS: 

A  gene  therapy  protocol  that  can  achieve  exquisite  prostate  cancer  restricted  expression  of  cytotoxic  genes  will 
minimire  systemic  side  effects.  Thus,  we  designed  our  prostate  specific  therapeutic  scheme  using  the  well-characterized 
Prostate  Specific  Antigen  PSA  enhancer/promoter  (PSE).  We  have  generated  new  constructs  that  increase  the 
transcriptional  activity  greatly  over  the  natural  version.  High  in  vivo  expression  coupled  with  its  specificity  will  hold  die 
best  chance  for  effective  therapy  in  patients.  We  have  taken  a  combined  approach  of  targeted  cytotoxicity  and 
generation  of  a  tumor-specific  immune  response  with  reversal  of  local  immunosuppression.  We  aim  to  achieve  this  gene 
therapy  scheme  with  die  most  advanced  'gudess'  adenovector  (A- Ad)  and  likely  the  most  effect  vector  for  prostate 
cancer.  We  have  made  significant  progress  in  die  refinement  of  gutiess  Ad  propagation.  However,  we  will  need 
continual  improvement  in  this  area.  We  will  continue  to  improve  on  the  blockade  of  transforming  growth  factor  (TGF- 
P)  expression  with  new  antisense  constructs.  Evaluation  of  tumor  necrosis  factor  (TNF-a)  related  cytokine  with  less 
systemic  toxicity  is  actively  pursued  as  likely  candidate  for  prostate  cancer  therapy. 
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Summary 


Purpose:  We  present  the  involvement  and  association  of  TNF-related  apoptosis-inducing 
ligand  (TRAIL)  with  apoptosis.  Its  potential  applications  as  a  therapeutic  agents  in 
urologic  oncology  is  discussed. 

Materials  and  Methods:  We  have  examined  the  sensitivity  of  prostate  carcinoma  cell  lines 
DU145,  PC3  and  LNCaP  to  TRAIL-induced  apoptosis  and  the  expression  of  TRAIL 
receptors.  Furthermore  we  looked  into  the  sensitization  of  those  prostate  carcinoma  cell 
lines  to  TRAIL-mediated  apoptosis  by  low  toxic  levels  of  Actinomycin-D.  Furthermore, 
we  review  and  discuss  the  pertinent  literature  on  the  molecular  biology  of  TRAIL,  its 
receptors  and  future  potential  for  therapy  in  urologic  oncology. 

Results:  Recent  discovery  and  characterization  of  TRAIL  has  led  to  further  broadening 
and  insights  into  the  apoptotic  process.  Based  on  preceding  in  vitro  studies  the  first  in 
vivo  study  using  TRAIL  has  been  conducted  and  published  in  1999.  Systemic  application 
of  TRAIL  in  SCID  mice  resulted  in  tumor  regression  of  subcutaneous  implanted 
mammary  and  colon  cancer  and  several  groups  are  looking  into  TRAIL  sensitivity  of 
prostate  cancer  and  renal  cancer  cellines.  Our  in  vitro  data  revealed  a  significant  increase 
of  apoptotic  cell  death  rate  following  the  combined  application  of  TRAIL  with 
Actinomycin-D. 

Conclusions:  Our  results  suggest  that  the  combination  of  TRAIL  and  ActD  may  be  a 
therapeutic  option  in  the  treatment  of  drug/hormone  refractory  prostate  carcinoma.  In  the 
future  TRAIL  may  be  used  in  combination  therapy  with  other  immunotherapies  or  gene 
therapies  providing  a  synergistic  effect  or  enhancing  the  efficacy  of  chemotherapeutic  or 
radiotherapeutic  regimens. 
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Introduction 

Programmed  cell  death  called  apoptosis  helps  in  the  elimination  of  unwanted 
cells,  in  contrast  to  necrosis  which  is  not  a  physiological  process.  Apoptosis  occurs 
during  embryonal  development  and  plays  an  important  role  in  immunoregulation,  tumor 
biology  and  tissue  physiology.  Cell  death  as  a  physiological  pathway  has  been  described 
and  studied  over  150  years,  initially  with  the  study  of  metamorphosis  in  amphibians  (1). 
The  initial  studies  were  based  on  the  idea  that  the  observed  cell  death  occurred  basically 
secondarily  to  tissue  damage.  The  idea  that  cell  death  is  a  genetically  controlled  process 
in  normal  cells  did  not  come  until  the  late  1980’s.  Studies  with  the  nematode 
Caenorhabditis  elegans  proved  the  theory  that  cell  death  was  a  genetically  controlled 
pathway  in  normal  cells,  leading  to  new  insights  into  the  idea  of  programmed  cell  death 
(2,  3).  Distinct  morphological  features  are  noted  in  apoptotic  cells  like  membrane 
blebbing,  cellular  shrinkage  and  condensation  of  chromatin  which  can  be  easily  detected 
under  the  microscope.  The  biochemically  processes  leading  to  cell  death  by  the  apoptotic 
pathway  is  via  the  translocation  of  phosphatidylserine  in  the  outer  layer  of  cell  membrane 
and  the  activation  of  endonuclease  which  cleaves  genomic  DNA  into  multiple 
intemucleosomal  fragments.  In  contrast,  cell  necrosis  is  based  on  noxious  stimulants 
such  as  temperature,  radiation,  oxidation  or  trauma  and  not  on  genetically  controlled 
pathways.  On  the  cellular  level  necrosis  is  characterized  by  mitochondrial  damage  and 
cell  lysis. 

Defects  in  programmed  cell  death  play  a  major  role  in  the  pathogenesis  of  tumors 
allowing  neoplastic  cells  to  survive  beyond  their  normally  intended  lifespans. 
Deficiencies  in  apoptosis  also  contribute  to  carcinogenesis  by  creating  a  permissive 
environment  for  genetic  instability  and  accumulation  of  gene  mutations.  These  mutations 
in  turn  permit  dysregulation  of  cell  cycle  checkpoints  which  would  normally  induce 
apoptosis.  Also  these  changes  will  facilitate  growth  factor  and  hormone  independent  cell 
survival,  supporting  anchorage  independent  survival  during  metastasis(4).  Therefore, 
strategies  to  interfere  with  the  process  of  anti-apoptosis  or  to  overcome  its  effects  will  be 
beneficial  in  cancer  therapy. 
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Recent  discoveries  of  a  new  apoptosis-inducing  molecule  and  its  receptors  has  led 
to  further  broadening  and  insights  into  the  apoptotic  process.  This  molecule  is  part  of  the 
Tumor  Necrosis  Factor  (TNF)  superfami'ly  and  is  called  TNF-related  apoptosis-inducing 
ligand  (TRAIL)  or  AP02-L.  This  review  discusses  the  biochemical  characteristics  and 
molecular  biology  of  TRAIL  and  its  receptors  and  their  implication  in  cancer  treatment. 

TNF  and  TRAIL 

TNF  is  a  cytokine  which  plays  an  important  role  in  acute  and  chronic 
inflammation  and  is  also  a  mediator  in  endotoxic  shock.  It  is  mainly  produced  by  T  cells, 
natural  killer  cells  (NK  cells)  and  activated  macrophages.  It  was  first  discovered  in  the 
blood  of  BCG  infected  mice  after  they  had  been  injected  with  endotoxin  (5).  TNF  has 
been  shown  to  be  cytotoxic  for  tumor  cells  in  vitro  and  to  cause  hemorrhagic  necrosis  of 
tumors  in  mice  (6-10).  Since  1985  TNF  has  been  available  to  medical  oncology,  but  its 
systemic  application  in  patients  with  advanced  tumor  diseases  failed  because  of  toxicities. 
The  high  systemic  toxicities  resulted  in  low  maximal  tolerated  doses,  rare  tumor 
remissions  and  organ  failure  11, 12).  Due  to  these  problems  clinical  applications  of  TNF 
were  limited  though  interest  in  its  potential  continued. 

Between  1995  and  1996  two  independent  groups  identified  and  characterized  a 
new  membrane  protein  (10,  13),  whose  amino  acid  sequence  showed  a  23  /o  similarity  to 
TNF-a  and  a  28%  similarity  to  Fas-ligand  (also  known  as  Apo-1 -ligand),  which  is  a 
member  of  the  TNF  superfamily  (14).  Thus,  this  new  protein  was  grouped  in  the  TNF 
superfamily  and  was  called  TRAIL  or  Apo-2-ligand,  because  of  its  similarity  to  Fas- 
ligand.  TRAIL  is  a  281  amino  acid  protein  with  its  C  terminus  exposed,  indicating  a  type 
II  transmembrane  protein  topology.  The  extracellular  domaine  of  TRAIL  is  homologous 
to  that  of  other  family  members.  The  discovery  and  subsequent  cloning  of  TRAIL  was 
based  on  bioinformatic  analysis  of  expressed  sequence  tag  (EST)  databases  which  contain 
amino  acid  sequences  of  proteins  that  are  expressed  by  the  human  genome,  and  whose 
function  are  undetermined.  The  characterization  and  subsequent  cloning  of  TRAIL  was 
based  on  the  comparison  of  conserved  TNF  sequences  with  a  particular  EST  database 

(10, 13). 
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TRAIL  and  Apoptosis 

Based  on  the  comparison  of  the  crystalline  structure  of  TNF  it  was  initially  suggested  that 
TRAIT,  had  its  highest  biological  activity  as  a  trimer  (15).  Wiley  et.  al.  proved  this  by 
showing  that  the  soluble  form  of  TRAIL,  when  multimeric  or  crosslinked,  led  to  a  higher 
induction  of  apoptosis  when  compared  to  the  monomeric  molecule  (10).  These  studies 
also  revealed  a  very  unique  characteristic  and  quality  of  TRAIL  in  that  it  appeared  to 
induce  apoptosis  only  in  tumorigenic  or  transformed  cells  but  not  in  normal  cells  in  vitro. 
Moreover,  TRAIL  is  expressed  by  a  wide  range  of  tissues  like  lymphocytes,  spleen, 
prostate,  ovary,  colon  and  placenta,  whereas  TNF  expression  is  more  restricted  and  only 
transient  in  activated  cells  (10).  Because  of  the  discovery  of  different  tissues  expressing 
TRAIL  it  was  suggested  that  the  regulation  of  TRAIL-induced  apoptosis  was  controlled 
by  a  restrictive  expression  of  a  single  TRAIL  receptor. 

TRAIL  and  its  receptors 

The  first  TRAIL  receptor  was  identified  and  cloned  again  with  the  help  of  an  EST 
database  in  1997  and  was  called  TRAIL-R1  (16).  This  protein  showed  several  identical 
characteristics  to  the  receptors  of  the  TNF-superfamily  and  was  thus  also  called  death 
receptor  4  (DR4)  (in  continuation  of  previously  discovered  TNF-DR1-3).  TRAIL-R1  is  a 
type  I  membrane  protein  with  two  extracellular  cysteine  rich  pseudorepeats.  Its 
cytoplasmatic  part  is  made  up  of  a  death  domain  (DD)  which  signals  and  induces 
apoptosis  (Figure  1).  Again,  the  DD  of  TRAIL-R1  also  shows  a  high  similarity  to  the 
known  death  domain  of  the  TNF  receptors.  Shortly  after  the  discovery  of  TRAIL-R1,  a 
second  receptor,  TRAIL-R2  or  DR5  was  identified  (17-19).  Its  amino  acid  sequence 
shows  a  58%  similarity  to  TRAIL-R1  and  is  a  type  I  transmembrane  proteine  with  two 
extracellular  cysteine  pseudorepeats  and  a  cytoplasmic  DD.  Since  most  tissues  express 
both  TRAIL-R1  and  -R2  it  has  become  apparent  that  the  ligand  and  receptor  system  of 
TRAIL  is  far  more  complex  than  first  anticipated  leaving  the  reason  for  the  tumor 
selectivity  of  TRAIL  unclear  at  that  time. 
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The  complexity  of  the  TRAIL  system  grew  with  the  discovery  of  two  further 
receptors,  but  this  knowledge  also  led  to  the  information  about  cell  .sensitivity  and 
resistance  to  TRAIL  (17,  18,  20-22).  The  two  receptors  TRAIL-R3  and  R4  showed  a 
58%  and  54%,  58%  and  57%  similarity  to  TRAIL-R1  and  -R2,  respectively,  as  well  as  a 
70%  similarity  between  themselves.  However,  the  importance  of  the  R3  and  R4  lies  not 
in  the  similarities  to  R1  and  R2,  but  in  their  differences.  In  contrast  to  R1  and  R2,  R3 
contains  neither  an  intracellular  DD  nor  a  transmembranous  domain,  and  is 
glycosylphophatidylinositol  (GPI)  -anchored  to  the  cell  surface.  R4  differs  in  that  it  only 
has  a  truncated  DD  and  does  not  signal  for  apoptosis.  However,  the  four  receptors  are 
capable  of  binding  TRAIL  with  comparable  binding  affinity.  Thus  TRAIL-R3  and  R4  can 
compete  with  TRAIL-R1  and  R2  for  the  TRAIL  molecule  without  inducing  apoptosis. 
The  genes  of  the  four  TRAIL  receptors  are  tightly  clustered  on  human  chromosome 
8p21-22  suggesting  that  they  evolved  recently  via  gene  duplication  (20-22).  The 
expression  of  TRAIL-R4  in  various  tissues  is  almost  comparable  to  TRAIL-R1  and  R2, 
while  that  of  TRAIL-R3  is  more  limited  (17,  18,  20). 

TRAIL  Sensitivity  and  Resistance 

The  discovery  of  expression  of  TRAIL  and  its  receptors  in  normal  cells  led  to 
doubts  in  the  theory  that  regulation  of  TRAIL  induced  apoptosis  was  controlled  by 
restrictive  expression  of  receptors.  The  possibility  of  regulation  by  different  receptor 
affinity  was  also  excluded  because  all  the  receptors  showed  comparable  binding 
affinities.  (20, 21). 

The  first  hypothesis  on  TRAIL  sensitivity  and  resistance  was  based  on  the 
receptors  R3  and  R4  being  devoid  of  functioning  DD  and  that  these  receptors  act  as 
decoy  receptors  (DcR)  by  binding  to  TRAIL  but  not  inducing  apoptosis.  This  theory  was 
supported  by  the  fact  that  a)  the  DcRs  were  almost  exclusively  found  in  normal  healthy 
cells  and  b)  by  transfection  studies  using  TRAIL  sensitive  tumor  cell  lines.  After 
transfection  with  either  TRAIL-R3/DcRl  or  TRAIL  R4/DcR2  a  decrease  of  apoptotic  cell 
death  was  observed  with  a  greater  effect  seen  in  DcR2  transfection  (21).  Although  this 
theory  was  intriguing  the  discovery  of  TRAIL  sensitive  tumor  cell  lines  expressing  DcRs 
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and  TRAIL  resistant  tumor  cell  lines  without  DcRs  implied  a  more  extensive  and 
complicated  pathway.  Moreover,  recent  screening  experiments  of  more  than  60  human 
tumor  cell  lines  showed  no  definitive  correlation  between  the  mRNA  expression  of  the 
different  TRAIL  receptors  and  TRAIL  sensitivity  (23).  Though  mRNA  expression  does 
not  necessarily  imply  cell  surface  expression,  studies  with  monoclonal  antibodies  specific 
for  TRAIL  receptors  supported  the  PCR  data  (23). 

An  alternative  hypothesis  for  the  explanation  of  different  TRAIL  sensitivity  of 
tumor  cells  and  normal  cells  was  based  on  TRAIL-R4’s  ability  to  induce  intracellular 
anrt-apoptotic  signals.  Activation  of  nuclear  factor  kappa  B  (NF-kB)  protects  cells  from 
TNF  induced  cell  death  probably  due  to  upregulation  of  one  or  more  genes  resulting  in 
cell  resistance  to  apoptosis  (24,  25).  Binding  of  TRAIL-R4  leads  to  NF-kB  activation 
and  thus  a  possible  reason  for  TRAIL  resistance  (21).  On  the  other  hand  TRAIL-R1  and 
R2  have  been  shown  to  activate  NF-kB  without  any  antiapoptotic  effect  (26,  27),  thus 
suggesting  that  the  TRAIL  sensitivity  and  resistance  is  not  solely  based  on  TRAIL-R4 
and  NF-kB. 

The  most  complex  theory  is  based  on  the  interaction  of  different  activators  and 
inhibitors  of  cell  death  machinery.  Initial  studies  of  TRAIL-induced  apoptotic  pathways 
focused  on  the  possible  similarities  to  TNF  and  Fas  death  receptor  pathways.  These 
pathways  involve  the  binding  of  Fas-associated-DD  (FADD)  proteins  either  directly 
(FADD  mediated)  or  indirectly  (TNF-Rl-associated-DD  (TRADD)  mediated )  leading  to 
activation  of  apoptotic  cell  death  (Figure  2).  Binding  to  either  of  these  adaptor  molecules 
leads  to  activation  of  the  caspase-cascade  resulting  in  apoptopic  cell  death  (28-30). 
Caspases,  which  constitute  the  key  effector  molecules  for  apoptotic  pathways,  are 
synthesized  as  inactive  cysteine  proteasen  comprising  an  N-terminal  peptide  together 
with  one  large  and  one  small  subunit.  Activation  of  caspases  by  proteolytic  cleavage 
results  in  the  cleavage  of  critical  cellular  substrates,  precipitating  the  morphological 
changes  of  apoptosis  (3 1). 

The  exact  mechanism  TRAIL-mediated  cell  death  in  association  with  FADD/TRADD 
continues  to  remain  unclear  because  of  contradictory  data  involving  the  binding  of  the 
adaptor  molecules  to  TRAIL-R1  and  R2.  In  vitro  studies  have  shown  both,  no  binding  of 
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FADD/TRADD  to  TRAIL  receptor  (16-18),  as  well  as  binding  (26,  27).  The  discrepancy 
between  the  two  study  results  may  be  due  to  different  expression  levels,  of  the  adaptor 
molecules  in  the  transfectans  used  in  the  experiments.  Even  though  early  data  appears 
conflicting,  the  theory  of  activation  of  caspase  cascade  via  FADD  or  TRADD  by  TRAIL 
still  provides  the  most  promising  explanation  for  TRAIL-induced  apoptosis.  Further 
support  for  this  theory  has  been  shown  indirectly  by  in  vitro  studies  blocking  caspase 
inhibitors  and  resulting  in  an  increased  TRAIL  sensitivity  (32).  However  the  possibility 
of  more  extracellular  and  intracellular  factors  involved  in  cell  apoptosis  still  exists  (33). 

TRAIL  and  p53 

Tumor  suppression  is  known  to  be  partly  in  control  of  the  p53  gene  which 
regulates  cell  cycle  and  apoptosis.  In  the  event  of  chromosomal  damage  p53  inhibits 
further  cell  replication  and  induces  cell  death.  The  exact  mechanism  of  cell  death 
induction  is  still  unclear  (34,  35). 

The  TRAIL  and  TNF  superfamily  apoptotic  pathways  were  initially  thought  to  be 
independent  of  p53.  However,  recent  studies  have  shown  an  association  of  p53  to  the 
Fas-ligand  (36)  and  more  recently  its  relationship  to  the  TRAIL  receptor  (37,  38).  The 
studies  cloned  a  p53-dependent  gene  which  was  induced  by  DNA  damage  called 
KILLER  gene.  This  KILLER  gene  was  identical  to  the  TRAIL-R2  gene.  The 
KILLER/TRAIL-R2  gene  was  highly  expressed  in  DNA  damaged  cells  when 
overexpression  of  a  wild-type  p53  transgene  occurred.  Tumor  cells  with  p53  mutations 
did  not  show  expression  of  the  KILLER  gene.  This  led  to  the  conclusion  that  p53  is 
involved  in  the  TRAIL  receptor  and  caspase  apoptotic  cell  death  pathway.  The 
involvement  of  p53  gene  leads  to  further  questions  such  as  the  influence  of  p53  on 
TRAIL-R2  expression  and  the  role  of  p53/TRAIL-interaction  in  apoptotic  regulation. 

Therapeutic  Potentials  of  TRAIL 

Based  on  the  in  vitro  studies,  Walczak  et.  al.  have  conducted  the  first  in  vivo  study 
using  TRAIL.  The  study  looked  at  the  toxicity  and  efficacy  of  TRAIL  in  SCID  mice 
injected  with  mammary  cancer  MDA-231.  After  intravenous  injection  of  500pg  human 
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TRAIL  and  lmg  murine  TRAIL  no  significant  toxicity  was  seen  with  mice  viability, 
tissue  integrity  and  blood  count  (39). 

When  TRAIL  was  given  to  mice  with  either  subcutaneous  or  intraperitoneal  (ip) 
tumors  a  significant  longer  survival  was  noted  in  mice  with  ip  administered  TRAIL  as 
compared  to  control  (69days  vs.  35.5  days).  The  effect  of  tumor  regression  was  noted  to 
be  dose-dependent  and  when  the  mice  with  subcutaneous  MDA-231  tumors  were  given 
500pg  of  TRAIL  daily  for  ten  days,  iv  or  ip,  the  tumor  was  undetectable  in  80%  and 
100%  of  the  mice,  respectively,  after  40  days.  Similar  results  were  obtained  with  two 
human  colon  carcinomas,  COLO-205  and  HCT-15  (39).  The  authors  showed  that  the 
effect  of  TRAIL  was  based  on  immediate  apoptosis  in  all  three  malignancies. 

We  have  recently  reported  studies  performed  in  vitro  on  the  sensitivity  of  AIDS- 
Kaposi's  sarcoma  to  TRAIL-mediated  apoptosis.  AIDS-KS  are  resistant  to  killing  by 
chemotherapeutic  drugs  and  cytotoxic  effector  lymphocytes.  The  acquisition  of  anti- 
apoptotic  characteristics  by  AIDS-KS  cells  may  contribute  to  their  prolonged  survival. 
We  examined  the  sensitivity  of  ten  different  isolates  of  AIDS-KS  to  TRAIL-mediated 
apoptosis  and  found  they  were  all  relatively  resistant.  However,  combination  of  TRAIL 
and  Actinomycin-D  (ActD)  resulted  in  a  synergistic  cytotoxic  activity  in  nine  of  the  ten 
samples.  We  also  demonstrated  the  involvement  of  BCL-XL  selectively  in  the 
sensitization  of  AIDS-KS  to  TRAIL-induced  apoptosis  (40).  These  findings  suggest  that 
the  combination  of  TRAIL  and  ActD  may  be  a  potential  option  in  the  treatment  of  AIDS- 
KS. 

TRAIL  and  Prostate  Cancer 

We  have  also  recently  examined  the  sensitivity  of  prostate  carcinoma  cell  lines  to 
TRAIL-induced  apoptosis  and  the  expression  of  TRAIL  receptors  by  RT-PCR.  Table  1 
summarizes  the  expression  of  TRAIL  receptors  on  PC3,  DU145  and  LNCaP  cells.  All 
three  cell  lines  express  the  four  receptors  at  different  levels.  Furthermore,  all  three  cell 
lines  were  resistant  to  TRAIL-mediated  apoptosis.  However,  when  the  cells  were  treated 
with  ActD  they  became  sensitized  to  apoptosis  (Figure  3).  These  results  suggest  that  the 
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combination  of  TRAIL  and  ActD  may  be  a  therapeutic  option  in  the  treatment  of 
drug/hormone  refractory  prostate  carcinoma.  ( Ng  et  al.,  in  preparation).  , 

Conclusions 

The  impressive  in  vivo  and  in  vitro  results  open  new  therapeutic  options  for 
cancer.  The  therapeutic  option  of  directly  inducing  the  cell  death  pathway  via  the  TRAIL 
receptors  has  many  implications  and  provides  a  promising  future  in  antitumor  therapy.  A 
p5 3 -independent  induction  of  apoptosis  is  a  promising  therapeutic  approach,  because  of 
the  high  amount  of  human  tumors  with  p53  mutations.  Moreover,  targeting  of  death 
receptors  for  tumor  therapy  is  attractive,  because  of  their  p53-independent  induction  of 
the  caspase-cascade.  Recent  in  vitro  studies  showed  a  caspase-associated  apoptosis- 
induction  in  several  in  prostate  and  renal  cell  carcinoma  (41-44).  Several 
chemotherapeutics  aim  at  DNA  damage  resulting  in  subsequent  p5  3 -induction.  Others, 
particularly  anthracyclines,  have  been  demonstrated  to  activate  caspases  through  a  variety 
of  mechanisms  (45,  46).  The  combination  of  those  chemotherapeutics  with  TRAIL  may 
increase  the  anti-proliferative  effect  of  the  single  drug  via  synergy  or  activation  of 
additional  apoptotic  signaling.  Recent  in  vitro  data  showed  a  significant  increase  of 
apoptotic  cell  death  rate  following  the  combined  application  of  TRAIL  with  doxorubicin, 
5-fluoruracil  (47),  adriamycin,  taxol  or  etoposide  (48).  The  augmentation  of  caspase 
activation  observed  may  be  due  to  its  amplification  upon  reception  of  two  independent 
activating  signals.  However,  the  exact  mechanism  is  yet  not  known.  TRAIL  may  be  also 
used  in  combination  therapy  with  other  immunotherapies  or  gene  therapies  providing  a 
synergistic  effect  or  enhancing  the  efficacy  of  another  therapeutic  regimen.  Moreover,  it 
can  be  used  as  monotherapy  for  treatment  of  tumors  either  systemically  or  by  direct 
intratumoral  application  in  the  absence  of  toxicity.  The  discovery  of  TRAIL  as  part  of 
the  TNF  superfamily  and  its  impressive  results  again  opens  the  door  for  the  study  of  the 
role  of  TNF  and  its  superfamily  in  cells  and  will  provide  further  knowledge  of  cell  and 
tumor  biology. 
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Figure  1 

Schematic  representation  of  the  four  TRAIL  receptors.  The 

two  extracellular  boxes  represent  the  cysteine  rich  pseudorepeats  (50). 


Figure  2 

Putative  cell  death  pathway  from  TRAIL  receptorsl  and  2  (23, 49,  50). 

DED  =  Death  effector  domain 

DD  =  Death  domain 

FLIP  =  FLICE  inducing  ligand 

CrmA  =  Cytokine  response  modifier  A 

zVDA  =  carbobenzyloxy  [z]  VAD 


Figure  3 

Sensitization  of  prostate  carcinoma  cell  lines  DU145,  PC3  and  LNCaP  to  TRAIL- 
mediated  apoptosis  by  low  toxic  levels  of  Actinomycin-D  (ActD).  The  cells  were  treated 
in  0,  10,  50,  lOOng/ml  ActD  in  combination  with  or  without  TRAIL  (50ng/ml)  for  24 
hours.  The  cells  were  subsequently  stained  with  propidium  iodide  (50mg/ml)  and  sub-Gl 
(apoptotic)  fraction  was  determined  by  one-color  cell  cycle  flow  cytometric  analysis.  (  ♦, 

untreated;  •,  treated  with  50ng/ml  TRAIL) 
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Table  1.  TRAIL  receptor  expression  in  prostate  carcinoma  cell  lines. 


Cell  line 

Expression  of  TRAIL  receptor  mRNA* 

Sensitivity  to 

DR4 

DR5 

DcR.1 

DcR2 

TRAIL  killing 

PC3 

+++ 

+ 

+ 

Resistant 

DU145 

++++ 

- 

++■ 

++++ 

Resistant 

LNCaP 

++ 

+ 

+H- 

Resistant 

“Receptor  expression  was  detennined.  by  RT*PCR,  The  level  of  the  receptor  riRNA  expression  was 
cojnpajcd  to  tl>e  roRNA  level  of  OAPDH.  (-►  0-5%  of  GAPOH;  +,  5-25%  of  GAPDH;  -t-*,,  25%*S0%  Of 
OAPDH;  +++1 50-75%  of  CAPDH;  ++4+,  75- 100%  of  GAP'D H).  “‘Resistant  indicates  <  5.0  %  killing  ui 
500  nfi/ral  1-RAIL.  •  _ 
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The  abbreviations  used  are.-  CaP,  prostate  cancer;  AI,  androgen  independent;  AD,  androgen 
dependent;  AR,  androgen  receptors;  PSA,  prostate  specific  antigen;  PSAM,  'prostate  specific 
membrane  antigen;  GFP,  green  fluorescent  protein;  RT-PCR,  quantitative  reverse  transcriptase- 
polymerase  chain  reaction;  b-FGF,  basic  fibroblast  growth  factor;  IL,  interleukin;  VEGF, 
vascular  endothelial  cell  growth  factor;  TGF-P,  transforming  growth  factors-beta;  EGF-R, 
epidermal  growth  factor  receptor;  HRPC,  hormonal  refractory  prostate  cancer;  RPMI,  Roswell 
Park  Memorial  Institute;  FACS,  fluorescence-activated  cell  sorter;  dNTP,  deoxyribonucleosid 
triphosphate;  AMV,  avian  myeloblastosis  virus. 
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Abstract 


The  mechanism  of  progression  of  human  prostate  cancer  (CaP)  cells  under  androgen  ablation 
therapy  remains  unclear.  To  study  the  alternative  pathways  of  CaP  cell  growth  under  conditions 
of  androgen-deprivation,  a  highly  aggressive  androgen-independent  (AI)  tumor  line  with  distinct 
cellular  and  molecular  properties,  designated  CL1,  was  selected  and  expanded  from  the 
androgen-dependent  (AD)  LNCaP  cell  line.  Re-culturing  CL1  cells  in  an  androgen  containing 
medium,  designated  CL2,  resulted  in  progressive  decline  in  levels  of  AR,  PSA,  and  PSM  mRNA 
expression,  but  could  not  reverse  its  aggressive  growth  pattern.  CL1  and  CL2  cells  were  capable 
of  potentiating  the  growth  of  endothelial  and  bone  marrow  stromal  cells  in  co-culture 
experiments,  and  acquired  significant  resistance  to  radiation  and  to  anti-cancer  cytotoxic  agents 
(Taxol,  Vinblastine,  and  Etoposide).  In  contrast  to  the  poorly  tumorigenic  parental  LNCaP  cells, 
CL1  and  CL2  lines  proved  highly  tumorigenic,  exhibiting  invasive  and  metastatic  characteristics 
in  intact  and  castrated  mice  or  in  female  mice  within  a  short  period  of  3-4  weeks.  No  growth 
supplements  (e.g.  Matrigel)  were  needed.  When  transfected  with  the  green  fluorescence  protein 
(GFP)  gene  and  transplanted  orthotopically  in  the  prostate,  extensive  metastatic  disease  from  the 
primary  CL  tumor  could  be  identified  in  bone,  lymph  nodes,  lung,  liver,  spleen,  kidney  and  brain. 
Quantitative  RT-PCR  analysis  revealed  a  markedly  distinct  molecular  expression  profile  in  the 
CL  lines:  over-expression  of  b-FGF,  IL-6,  IL-8,  VEGF,  TGF-(3,  EGF-R,  caveolin,  and  bcl-2 
mRNAs  and  a  markedly  down-regulated  E-cadherin,  p-53,  and  PTEN.  Early  administration  of 
hormonal  therapy  following  failure  of  first  line  treatment  is  associated  with  a  profound  clonal 
selection  of  aggressive  AI  variants  such  as  CL1  and  CL2  lines.  These  tumor  lines  with  their 
parental  counterparts  can  serve  as  valuable  tools  for  studying  the  cellular  and  molecular 
mechanisms  of  CaP  progression  and  metastasis  under  hormonal  therapy.  CL1  and  CL2  offer  an 
unique  and  reproducible  model  for  the  evaluation  of  drug  sensitivity  and  for  other  therapeutic 
modalities  for  advanced  prostate  cancer. 
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Introduction 


Androgen  deprivation  forms  the  basis  of  endocrine  therapy  for  the  majority'of  patients  with 
advanced  prostate  cancer  (1).  Unfortunately,  most  men  eventually  develop  hormone  refractory 
disease  despite  maximal  androgen  ablation  (2).  The  mechanisms  for  tumor  progression  to 
hormone  independence  remain  mostly  unknown.  Whether  CaP  progression  to  an  androgen- 
independent  (AI)  stage  involves  an  adaptive  mechanism;  or  the  existence  and  outgrowth  of  a  pre¬ 
existing  AI  variant(s)  which  had  been  part  of  the  original  heterogeneous  tumor  population 
remains  to  be  established.  Nevertheless,  it  appears  that  AI  variants  have  adapted  a  detour 
growth  pathway(s),  which  allows  the  cells  to  by-pass  the  requirement  for  androgen  as  a  primary 
growth  factor.  Elucidation  of  the  factors  and  mechanisms  that  dictate  this  adaptive  survival 
response  to  an  androgen-free  signaling  growth  pathways  can  lead  to  a  more  rational  strategy  for 
the  management  of  HRPC  including  the  possibility  of  preventing  AI  cell  overgrowth. 

Comparison  between  non-treated  metastatic  CaP  and  primary  or  recurrent  tumors  that  had 
been  exposed  to  long-term  androgen  deprivation  therapy  shows  very  similar  losses  or  gains  of 
chromosomal  alterations  (3).  This  finding  implies  that  minor  genetic  differences  are  more  likely 
to  be  involved  in  development  of  the  AI  phenotype.  It  is  also  suggested  that  modified  functions 
or  expressions  of  genes  in  CaP  may  be  largely  responsible  for  cell  survival  in  the  absence  of 
androgen,  as  well  as  the  malignant  phenotype.  Androgen  receptor  mutations  have  been  identified 
in  HRPC  tumors  and  were  felt  to  contribute  to  the  loss  of  ligand  specificity  as  well  as  activation 
of  ligand-free  growth  response  (4-6).  In  addition,  loss  of  androgen  dependence  is  believed  to  be 
associated  with  an  increase  in  tumorigenic  stem  cells  and  resistance  to  cell  death  genes  (7).  The 
recent  use  of  gene  transfer  technology  further  supports  these  mechanisms,  and  demonstrates  that 
certain  molecular  changes  in  CaP  render  hormonal  escape,  activation  of  ligand-independent 
growth,  resistance  to  apoptosis,  and  enhancement  of  tumorigenicity  (8-10).  In  this  study,  we  have 
created  a  model  system  enabled  the  selection  of  hormone  refractory  variants  from  an  AD  CaP 
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culture  cell  line  via  androgen  deprivation  treatment.  Our  aim  was  to  isolate  AI  variants  form  AD 
CaP  culture  cell  lines  without  exposure  to  transfectants  or  supplemental  modulation,  thus 
mimicking  the  characteristics  of  clinically  occurring  HRPC  tumors.  These  tumors  usually 
exhibit  a  more  aggressive  phenotype  that  is  resistant  to  conventional  therapy  when  compared  to 
the  corresponding  parental  AD  tumors.  Using  the  existing  in-vitro  cell  line  model,  LNCaP; 
which  is  an  androgen-dependent  CaP  cell  line  expressing  PSA,  PSM,  and  AR  and  has  a  slow 
growth  pattern  in  mice  (11-14),  we  were  able  to  perform  kinetic  studies  to  characterize  the 
changes  in  cell  behavior  and  the  molecular  modulations  that  are  associated  with  transition  from 
AD  to  the  AI  phenotype. 


Materials  and  Methods 

In-Vitro  Androgen  Deprivation  Treatment.  The  human  prostate  cancer  cell  line,  LNCaP 
provided  by  American  Type  Culture  Collection  (Rockville,  MD)  was  maintained  in  medium 
supplemented  with  10%  fetal  bovine  serum  and  antibiotics  (penicillin  -50  IU/ml;  streptomycin- 
50  pg/ml).  Androgen  deprivation  treatment  was  carried  out  by  removing  medium  from  LNCaP 
cultures  (80%-90%  confluence)  and  replacing  with  serum-free  RPMI  1640  medium.  Cells  were 
rinsed  twice  with  serum-free  medium  for  5  minutes  each  and  then  further  incubated  in  serum-free 
medium  at  37  °C  for  15  minutes.  After  medium  was  removed,  culture  medium  was  replaced  with 
RPMI  1640  supplemented  with  10%  charcoal-stripped  serum  and  antibiotics  (15).  LNCaP 
variants  selected  by  androgen  withdrawal  and  maintained  in  charcoal-stripped  serum- 
supplemented  RPMI  media  were  designated  CL1.  After  six  weeks  of  culture  selection,  CL1  cells 
were  returned  to  regular  serum  supplemented  medium  and  designated  CL2.  Experiments 
performed  in  this  paper  using  CL1  were  always  carried  out  in  culture  medium  supplemented  with 
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charcoal-stripped  serum  whereas  both  parental  LNCaP  and  CL2  were  kept  in  medium 

t 

supplemented  with  regular  serum. 

Quantitative  Reverse  Transcriptase-Polymerase  Chain  Reaction  (RT-PCR).  Total  RNA 
was  extracted  from  LNCaP,  CL1,  and  CL2  during  and  after  androgen  deprivation,  by  acid 
guanidine  isothiocyanate-phenol-chloroform  extraction.  The  amounts  of  diluted  RNA  samples 
which  express  equivalent  signal  intensity  of  P-actin  were  used  to  perform  PCR  reaction  for  other 
molecules  of  interest.  Messenger  RNA  was  reverse  transcribed  into  cDNA  by  incubating  titrated 
RNA  with  AMV  reverse  transcriptase,  primer  oligo  (dT),  dNTP,  and  RNAse  inhibitor  at  42°C 
for  1  hour.  One  pi  of  each  cDNA  sample  was  amplified  utilizing  PCR  in  a  total  volume  of  25  pi, 
containing  30  ng  [32P]-5'-oligonucleotide  primer  (kinased  with  bacteriophage  T4-  polynucleotide 
kinase  and  [32P]-y-ATP),  100  ng  3'-oligonucleotide  primer,  2.5  pi  modified  10X  PCR  buffer  (25 
mM  Tris,  pH  8.0,  1.5  mM  MgCl2,  0.25  mM  dATP,  dTTP,  dCTP,  dGTP,  and  100  pg/ml  bovine 
serum  albumin),  1.25  U  Taq  polymerase,  and  autoclaved  double  distilled  water  to  fill  the  volume 
to  25  pi.  The  PCR  mixture  was  amplified  for  25  cycles  in  a  DNA  Thermocycler  (Perkin-Elmer, 
Norwalk,  CT).  Each  cycle  consisted  of  denaturation  at  94°C  for  one  minute  and 
annealing/extension  at  65°C  for  2  minutes.  The  32P-labeled  PCR  products  were  visualized 
directly  by  acrylamide  gel  electrophoresis  and  autoradiography,  and  then  quantitated  by  band 
excisions  and  subsequent  scintillation  counting.  The  signal  intensity  of  each  amplified  product 
was  calibrated  to  its  corresponding  p-actin  mRNA  expression  as  an  internal  control  for 
quantitation  of  expression  levels.  The  quantitative  analysis  was  further  elucidated  by  a  serial 
dilution  of  mRNA  (1:3,  1:10,  1:30  and  1:300)  and  co-amplification  of  P-actin  and  other 
molecule  of  interest.  The  following  oligonucleotide  primer  pair  sequences  were  used: 
p-Actin-5’  CAACTCCATCATGAAGTGTGAC,  3'CTCGCGTTCATGAGGCACACC  (184  bp); 
PSA-5'TGTCTCGGATCCTGGGAGGCTG,  3'  CTCAGGAATTCGCCACGA  (195  bp);  AR- 
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5'CAAGCTCCTG  GACTCCTGGCA,  3'TAGATGGGCTTGACTTTCCC  (140  bp);  PSM-5' 
CCAAGTTCAGTGAGA  GACTC,  3'  GCTACTTCACTCAAAGTCTC  (308  bp);  IL-8- 
5CATACTCCAAACCTTTCCAC,  3'TCTTCAAAAACTTCTCCACAA;  VEGF-5' 

ATGCGGATCAAACCTCACC,  3'ATCTGGTTCC  CGAAACCCTG  (159  bp);  bFGF-5' 
CCC  AAGCGGCTGT  ACTGC  A  A,  3’  AGCTCTT  AGC  AG  AC  ATT  GG  (383  bp);  IL-6- 
5'ATGTAGCCGCCCCACACAGA,  3'CATCCATCTTTTTCAGCCAT  (171  bp);  TGFpl-5' 
GACTTCCGCAAGGACCTCGGC,  3'  GCGCACGATCATGTTGGACAG  (250  bp);TGF-p2- 
5'CCTGT  CTACCTGCAGCACACTCGA,  3'  GGCGGCATGTCTATTTTGTAAACCTCC  (290 
bp);  TGF  p  -R-5’  CGACA  TGATA  GTCAC  TGACA  ACAAC,  3'  CTGAG  AAGAT  GATGT 
TGTCA  TTGCA  (350  bp);  EGFF-R-5'  CTTCTTGCAGCGATACAGCTC,3' 
ATGCTCC  A  AT  AAATT  C  ACTGC  (441  bp);  BCL-  2-5'CTTTGAGTTCGGTGGGGTCATGTG, 
3'  TGACTTCACTTGTGGCCCAG  ATAG  (318  bp);  E-cadherin-  5' 
CTGAAGTGACTCGTAACGAC,  3’  CATGTCTGCCAGCTTCTTGAAG  (286  bp);  P53- 
5'TGGTACAGTCAGAGCCAACC,  3'  AGCAGTCACAGCACATGACG  (201  bp);  PTEN-  5' 
GGACG-AACTGGTGTAATGATATG,  3’  TCTACTGTTTTTGTGAAGTACAGC  (671  bp); 
Caveolin-5'AGAAG  CAAGTGTACGAC,  3’  AGGAAGCTCTTAATGCA  (300  bp);  c-myc-5' 
AAGTCCTGCGCCTCG  CAAGA,  3'  AGGTTTGCTGTGGCCTCCAG  (255  bp);  HER-2/neu-  5' 
TAGACACCAACCGCTCTCGG,  3'  CACTGCTCATGGCAGCAGTC  (168  bp);  P27-5' 
TGCAGGAACCTCTTCGG,  3'TTGCAGGTCG  CTTCCTTAT  (385  bp). 


Proliferation  Assay,  Growth  Expansion,  Cell  Cycle  Analysis,  and  Colony-Forming 
Assay.  Proliferation  of  assay  was  carried  out  by  3H-thymidine  incorporation.  Briefly,  Cells  were 
seeded  on  a  24-well  plate  in  triplicate  at  the  concentration  of  3  x  104/ml  of  culture  medium.  Cell 
were  incubated  at  37°C  for  48  hr  and  then  pulsed  with  1  pCi  of  3H-thymidine  for  24  hr.  The 
incorporated  3H-thymidine  was  measured  by  scintillation  counting  with  a  P  counter.  Growth 
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curve  of  cell  lines  were  established  by  seeding  1  x  104  cells  /3  ml/well  in  6-  well  plates  in 
triplicate.  A  total  of  10  culture  sets  were  plated.  Cell  counts  were  performed  in  one  set  every  6 
hr  until  the  last  set  of  cells  nearly  reached  confluence.  Cell  cycle  analysis  was  carried  out  by 
propidium  iodide  staining  as  previously  described  (16).  Washed  cell  pellets  (1x10  )  were 
resuspended  in  1  ml  of  the  hypotonic  DNA  staining  buffer.  Cells  were  kept  at  4°C,  and  protected 
from  light  for  30  min  before  acquisition  on  the  flow  cytometer.  Colony-forming  efficiency  of  cell 
lines  was  measured  by  seeding  cells  at  a  concentration  of  100,  500,  and  1000  cells  respectively  in 
100  mm  Petri  culture  dishes.  After  incubation  for  7  days,  cells  were  fixed  with  80  %  alcohol  for 
30  min  and  stained  with  1%  crystal  violet  solution  in  PBS.  The  visualized  cell  colonies  were 
counted  and  compared. 

Co-Culture  Experiments.  Parental  LNCaP  cells  or  CL  variants  (upper  compartment  -  2  x 
104  /200  pi)  were  co-cultured  with  human  umbilical  endothelial  cells  (provided  by  Dr.  Pauli 
Benedicht,  Conell  University,  Ithaca,  NY)  or  human  bone  marrow  stromal  cells  (provided  by  Dr. 
Judy  Gasson,  UCLA  School  of  Medicine,  Los  Angeles,  CA)  (lower  compartment-  2  x  104  /600 
pi)  in  Transwell  culture  plates  (Costa,  Pleasanton,  CA)  using  a  dish  insert  with  a  porous  bottom 
permitting  free  exchange  of  the  released  factors  between  the  lower  and  upper  compartments. 
Following  a  48  hr  incubation  at  37  °C,  the  inner  wells  were  removed,  and  the  cells  in  the  bottom 
wells  were  pulsed  with  lpCi  of  tritiated  3H-thymidine  for  an  additional  12  hrs.  After  three 
washes,  cell  were  lysed  with  0.5  %  SDS,  and  the  lysates  were  placed  in  scintillation  cocktail  and 
measured  in  a  (3-counter. 

Radiation  and  Drug  Sensitivity  Assay.  The  response  of  the  parental  LNCaP  cells  and  their 
AI  variants  to  radiation  treatment  was  assayed  in  24-well  plates.  Aliquots  of  3  x  104  cells  were 
seeded  in  triplicate.  Each  cell  type  was  seeded  in  five  individual  plates  in  order  to  deliver 
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different  dose  of  radiation.  Following  cell  adherence,  cells  were  irradiated  with  0,  2,  4,  6,  and  8 
Gy,  respectively.  Fresh  culture  medium  was  replaced  and  cells  were  continually  incubated  for  a 
48-hr  period  prior  to  pulsing  with  1  pCi  of  tritiated  3H-thymidine. 

To  test  the  sensitivity  of  cells  to  a  variety  of  chemotherapeutic  agents,  aliquots  of  3  x  104 
cells  were  plated  in  triplicate  24-well  culture  plates.  Following  cell  adherence,  culture  medium 
with  or  without  a  cytotoxic  agent  was  added.  Serial  twofold  dilutions  were  performed  to  span 
the  effective  dose  range  for  each  drug  as  described  (17).  The  drugs  tested  included  Vinblastin 
(vinca  alkaloids-VBL)  (  Eli  Lilly  Co.,  Indianapolis,  IN),  Taxol  (taxanes-TAX)  (Mead  Johnson, 
Princeton,  NJ),  and  etoposide  (topoisomerase  II  inhibitors  -VP-16)(Bristol  Laboratories, 
Princeton,  NJ  ).  Following  a  48  hr  incubation  at  37  °C,  cells  were  pulsed  with  lpCi  of  tritiated 
3H-thymidine  for  an  additional  12  hrs  before  harvesting.  The  sensitivity  of  cells  to  radiation  and 
drug  treatment  were  expressed  by  percent  of  growth  inhibition  which  was  calculated  by  [(a-b)/a] 
x  100%,  where  a  =  3H-thymidine  uptake  by  cells  without  radiation  or  drug  treatment  and  b  =  3H- 
thymidine  uptake  by  surviving  cells  with  radiation  or  drug  treatment. 

Animal  studies.  Male  or  female  6-8  week-old  SCID  (C.B.-17  scid/scid)  mice  were  obtained 
from  the  breeding  program  at  UCLA.  All  animals  were  anesthetized  with  methoxyflurane  before 
inoculation  of  cancer  cells.  For  s.c.  tumor  growth,  lxlO6  cells  were  resuspended  in  100  pi  of 
RPMI1640  medium  without  other  supplements  and  injected  via  a  27-gauge  needle  into  the 
subcutaneous  tissue  of  the  flanks  of  SCID  mice.  Tumor  growth  was  measured  twice  weekly,  and 
the  tumor  size  was  calculated  by  the  formula  cube  root  of  L  x  W  x  H  (mm)  giving  the  mean 
diameter  of  tumor  size  (18).  For  intraprostatic  tumor  growth,  5  x  104  cells  in  5  pi  of  RJPMI  1640 
were  injected  under  the  prostatic  capsule  via  a  30-gauge  needle.  To  characterize  tumor  growth  in 
the  bone,  intratibial  injection  was  performed  by  delivering  4  x  10  4  cells  in  2  pi  of  RPMI  1640 
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medium.  The  invasiveness  of  tumors  was  examined  grossly  and  histologically  for  the  presence  of 
tumor  mass.  Bone  scan  was  performed  by  a  certified  nuclear  medicine  physician. 

Green  fluorescent  protein  (GFP)  gene  transfer  and  analysis  of  metastases.  pCEP4  plasmid 
vector  was  purchased  from  Invitrogen  (Carlsbad,  CA).  The  GFP  gene  driven  by  CMV  promoter 
was  inserted  into  pCEP4  which  contains  hygromycin  resistance  gene.  Gene  transfection  of  CL1 
and  CL2  cells  was  carried  out  by  electroporation  as  described  previously  (19).  Drug  resistant 
colonies  were  selected  and  expanded  with  200  pg/ml  hygromycin  (Sigma,  St.  Louis,  MO).  The 
established  CL-GFP  cell  lines  used  for  animal  study  contained  99.9  %  GFP  expression  cells  as 
determined  by  flow  cytometry.  Four  to  5  weeks  after  orthotopic  injection,  the  primary  tumor  and 
all  major  organs  were  examined  for  the  evidence  of  metastatic  disease.  Fresh  samples  were 
either  sliced  at  1  mm  thickness  without  treatment  and  observed  under  fluorescence  microscopy  or 
snap  frozen  in  isopentane  and  dry  ice,  and  embedded  in  OCT  for  cryostat  sections  at  5  pm. 

Results 

Clonal  Selection  and  Expansion  of  Hormone  Refractory  Prostate  Cancer  by  Androgen 
Deprivation  Treatment.  When  growth  condition  of  LNCaP  cell  cultures  was  changed  to 
medium  supplemented  with  charcoal-stripped  serum,  a  large  fraction  of  cells  underwent 
apoptosis  and  gradually  detached  from  the  culture  flasks.  Initially,  no  growth  activity  could  be 
detected  in  the  cultures.  However,  a  few  small  epithelial-like  clones  that  strongly  adhered  to  the 
plastic  surface  were  identified  in  the  second  week  of  culture  and  continued  to  rapidly  expand 
eventually  becoming  a  stable  AI  cell  line.  This  cell  line  was  designed  CL1  (Figure  1).  Following 
propagation  of  CL1  in  culture  for  six  weeks,  the  culture  condition  was  changed  back  to  regular- 
serum  containing  medium.  No  changes  in  morphology  or  growth  profile  were  observed 
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compared  to  the  CL1  cells.  The  cell  culture  which  continued  to  propagate  in  regular  medium 
was  designated  CL2. 


Transcriptional  Regulation  of  Prostate  Specific  Genes  in  Response  to  Androgen 
Deprivation  Treatment.  When  LNCaP  cell  cultures  were  subjected  to  androgen  withdrawal, 
transcriptional  activity  of  AR,  PSA,  and  PSM  genes  were  down-regulated  within  the  first  24  hr. 
However,  a  return  of  AR  and  PSM  mRNA  expression  levels  were  detected  at  72  hr  with  a  steady 
increase  of  AR  mRNA  expression  over  several  weeks  accompanied  by  a  progressive  decline  in 
PSA  mRNA  (Figure  2).  Prostate  specific  membrane  antigen  however  was  only  slightly  up- 
regulated.  Prolonged  androgen  deprivation  treatment  of  LNCaP  cells  resulted  in  the 
establishment  of  CL1,  an  AI  cell  line,  that  no  longer  can  be  reverted  to  androgen  sensitivity  upon 
changing  culture  conditions  back  to  regular  medium.  Thus,  CL1  or  CL2  could  not  be  reverted  to 
a  parental  LNCaP  line.  However,  even  though  a  return  of  PSA  mRNA  was  detected  within  the 
first  6  hr  after  the  return  of  CL1  to  regular  medium,  a  rapidly  diminished  PSA  mRNA  expression 
was  detected  in  the  72  hr  sample  which  accompanied  a  low  expression  level  of  AR  and  PSM 
mRNAs  (Figure  2).  A  similar  low  profile  of  androgen  regulated  gene  expression  was  also 
observed  in  high  passage  CL1  line  (Figure  1 1). 

Differential  Growth  Characteristics  in  CL  Cells  Compared  to  Parental  LNCaP  Cells. 
Growth  profiles  of  CL1  and  CL2  cells  were  characterized  by  cell  cycle  analysis,  3H-thymidine 
incorporation,  growth  expansion,  and  plating/colonization  efficiency  and  compared  to  parental 
LNCaP  cells.  The  results  showed  that  the  proportion  of  cells  in  synthesis  phase  (S  phase) 
increased  two  to  three-fold  in  both  CL1  (33.62%)  and  CL2  (50.44%)  as  compared  to  LNCaP 
cells  (15.37%)  (Figure  3).  These  results  also  corresponded  to  a  five  to  seven  fold  increase  in  3H- 
thymidine  uptake  in  CL  lines  as  compared  to  LNCaP  cells  (Figure  4).  In  addition,  growth 
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expansion  curves  of  CL  lines  were  compared  to  parental  LNCaP  cells  revealing  a  ten-fold  growth 
expansion  at  60  hrs  in  CL  lines  in  contrast  to  a  two-fold  expansion  in  parental  LNCaP  cells 
(Figure  4).  When  cell  density  was  increased,  the  doubling  time  of  CL  cells  was  decreased  from 
30  hr  to  12  hr,  whereas  the  doubling  time  of  LNCaP  cells  was  maintained  at  48  hrs  in  the  assays. 
The  colony  forming  efficiency  was  also  compared  among  the  three  cell  lines.  Based  on  colony 
counts,  there  was  an  approximately  460  and  530-  fold  increase  determined  in  CL1  and  CL2  lines 
respectively  when  compared  to  parental  LNCaP  cells  (Figure  5). 

Enhanced  Interaction  of  CL  Cells  to  Human  Endothelial  Cell  and  Bone  Marrow 
Stromal  Cells.  Prostate  cancer  progression  is  characterized  as  local  invasion,  angiogenesis,  and 
metastasises.  Bone  is  a  primary  metastatic  site  in  CaP.  To  assay  whether  AI  CL  lines  can 
stimulate  the  growth  of  endothelial  cells  and  bone  marrow  stromal  cells  to  a  greater  extent  than 
their  AD  counterpart;  the  growth  stimulation  of  human  endothelial  cells  and  bone  marrow 
stromal  cells  by  parental  LNCaP  cells  and  CL  cells  was  measured  in  Transwell  co-culture  plate 
(see  Materials  and  Methods).  As  compared  to  parental  LNCaP,  both  CL  lines  exhibited  an 
approximately  two-fold  increase  in  growth  stimulation  of  endothelial  and  bone  marrow  stromal 
cells  (Figure  6A,  6B).  Similar  results  were  detected  when  parental  LNCaP  cells  were  seeded  with 
two-fold  cell  numbers  in  order  to  compensate  for  its’  slow-growing  nature  (data  not  shown). 

Treatment  Resistance  of  CL  Cells  to  Radiation  and  Chemotherapeutic  Agents.  To 

evaluate  the  sensitivity  to  radiation  and  to  phamacotherapy  CL  lines,  growth  activity  was 
analyzed.  The  antiproliferative  and  cytotoxic  responses  to  radiation  and  chemotherapy  were 
assayed  by  3H-thymidine  incorporation  and  percent  growth  inhibition.  When  compared  to 
LNCaP  cells,  minimal  growth  inhibition  (5  -10%)  was  detected  in  both  CL1  and  CL2  with 
maximal  treatment  doses  of  eight  Gy.  In  contrast,  58%  growth  inhibition  was  determined  in 
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LNCaP  cells  irradiated  with  a  minimal  treatment  dose  of  2Gy  (Figure  7).  Similarly,  enhanced 
chemoresistance  was  detected  in  both  CL  lines  when  compared  to  LNCaP  cells.  All  three  drugs 
tested,  Vinblastine  (Figure  8A),  Taxol  (Figure  8B),  and  Etoposide  (Figure  8C)  had  achieved  70- 
85%  growth  inhibition  of  LNCaP  cells  using  the  lowest  treatment  dose  (0.625  nM,  0.625  nM, 
0.625  pM),  yet  equivalent  growth  suppression  was  not  achievable  in  CL  lines  even  with  the 
highest  treatment  doses  of  Vinblastine  (20  nM)  and  Etoposide  (20pM).  However,  with  Taxol,  80 
%  growth  inhibition  was  achieved  with  dose  of  10  nM  on  both  CL  lines. 

Invasive  and  Metastatic  Behavior  of  CL  Lines  in  SCID  Mice.  LNCaP  exhibited  minimal 
tumorigenicity  in  SCID  unless  mixed  with  Matrigel  or  bone  stromal  cells  (20).  In  contrast,  both 
CL1  and  CL2  cells  rapidly  induced  tumor  formation  (palpable  tumor  within  two  weeks)  in  SCID 
mice  via  subcutaneous,  intraprostatic  or  intratibial  injection,  with  a  tumor  take  rate  of  100%  in 
both  male  and  female  mice  or  castrated  male  mice  (5/5  in  each  group).  Notably,  CL1  tumor 
exhibited  a  tendency  to  grow  slower  than  CL2  (Figure  9).  All  mice  receiving  intraprostatic 
injection  (5  weeks),  demonstrated  an  aggressive  local  invasion  of  adjacent  organs  specifically 
major  lymphadenopathy  with  tumor  spread  to  rectum,  bladder,  seminal  vesicles,  vertebral 
column,  and  distal  retroperitoneal  lymph  nodes  (Figure  10A).  In  addition,  following 
intraprostatic  injection  of  CL  cells  transfected  with  Aequorea  victoria  jellyfish  GFP  gene, 
metastatic  disease  was  identified  in  bone,  lymph  nodes,  lung,  liver,  spleen,  kidney  and  brain 
(Figure  1 1  A-H)  (21).  Intratibial  injections  of  CL  cells  led  to  aggressive  local  growth  with  bulky 
lesions  demonstrated  by  plain  radiography  (Figure  10B,  10C).  Pathological  evaluation  confirmed 
aggressive  tumor  growth  with  complete  invasion  and  destruction  of  bone  tissue  by  tumor  around 
the  injection  site,  in  addition  to  retroperitoneal  lymph  nodes  metastasis  (22,23).  Retroperitoneal 
lymph  node  metastases  were  found  in  100%  of  mice  with  either  intraprostatic  or  intratibial 
tumors,  whereas  no  metastases  were  found  in  mice  with  subcutaneous  tumors. 
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Molecular  Determinants  for  Malignan.t  Behavior  of  CL  Variants.  When  compared  to 
LNCaP  cells  over-expression  of  the  autocrine  growth  factors  and  angiogenic  factors  b-FGF,  IL-6, 
IL-8,  VEGF,  TGF-pi,  TGF-P2,  TGFp-R,  and  EGF-R  mRNAs  were  detected  in  CL1  cells, 
whereas  only  IL-8,  VEGF,  and  b-FGF  but  not  TGFpl/p2,  TGFp-R,  or  EGFR  mRNA  expressions 
were  up-regulated  in  CL2  (Figure  12).  Loss  of  E-cadherin  mRNA  expression  was  detected  in 
both  CL1  and  CL2  cells.  In  addition,  diminished  levels  of  p53  and  PTEN  with  augmented  BCL- 
2  mRNA  expression  were  determined  in  both  CL  cells  when  compared  to  LNCaP  cells. 
Enhanced  caveolin  mRNA  expression  was  only  detected  in  CL1  but  not  in  CL2  cells  whereas 
HER-2/neu  mRNA  expression  was  slightly  upregulated  in  both  CL  cells  when  compared  to 
LNCaP  cells.  Similar  mRNA  level  of  c-myc  and  p27  was  detected  in  all  three  cell  lines  (Figure 
11). 

Discussion 

In  this  report,  we  demonstrate  that  androgen  deprivation  in  tissue  culture  can  lead  to  the 
outgrowth  of  highly  aggressive  AI  variants.  When  compared  to  AD  parental  cells  with  low 
tumorigenicity,  CL  variants  demonstrated  both  invasive  and  metastatic  potential  in  SCID  mice 
within  a  very  short  time  period  without  any  additional  supplements  or  gene  transfer 
manipulations.  This  points  out  to  the  emergence  of  an  unique  clone(s)  with  a  malignant 
genotype  established  in  CL  cell  lines.  At  the  present  time,  the  mechanisms  underlying  the 
development  of  metastatic  and  androgen  independent  phenotypes  in  prostate  cancer  are 
unknown.  Therefore,  our  model  can  provide  clues  for  further  identifying  the  cellular  and 
molecular  mechanisms  responsible  for  hormonal  escape  and  CaP  progression. 

Our  data  suggests  that  androgen  deprivation  is  a  contributing  factor  in  the  selection  and 
growth  of  a  more  aggressive  cell  population  over  time.  Whether  CL1  was  derived  from  the 
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selective  outgrowth  of  a  low  frequency  AI  stem  cells  present  in  the  parental  LNCaP  line,  or  from 
an  adaptive  modification  of  a  low  frequency  AD  stem  cells  to  androgen  deprivation,  remains  to 
be  established.  Replacement  of  androgen  in  CL1  culture  did  not  lead  to  reversal  to  AD 
phenotype  since  CL2  expressed  malignant  features  in  female  mice,  indicating  a  selection  of  a 
pure  AI  population.  AI  variants  are  probably  utilizing  alternative  growth  pathways  manifested 
by  over-expression  of  growth  factor  and  growth  factor  receptor  mRNAs  in  CL1.  Enhanced 
growth  factor  production  may  render  the  ability  of  CL  to  bypass  the  requirement  for  androgen. 
This  finding  further  supports  the  hypothesis  that  paracrine  growth  factors  in  normal  prostate  or 
early  stages  of  AD  tumors  may  switch  to  autocrine  stimulation  with  tumor  progression  to  the  AI 
phenotype  (24-27).  In  addition  to  their  growth  effects,  many  growth  factors  also  contribute  to 
motility,  invasion,  and  metastatic  spread  (28).  The  high  levels  of  VEGF,  IL-8  and  bFGF  mRNA 
expression  by  both  CL  lines  may  explain  their  aggressive  behavior  in  animals  as  well  as  the 
growth  stimulation  of  endothelial  cells  and  bone  marrow  stromal  cells  observed  in  co-culture 
experiments.  Several  LNCaP  sublines  with  AI  phenotypes  have  been  isolated  and  characterized 
(20,  29-32).  Bone  stromal  cells  support  the  induction  of  tumorigenicity  and  the  selection  of 
invasive  and  metastatic  phenotype  of  LNCaP  subclones  in  animals  indicating  that  fibroblast 
derived  growth  factors  have  an  important  role  in  modulation  of  both  genotype  and  phenotype  of 
CaP  (25).  Likewise,  overexpression  of  endogenous  growth  factors  in  CL  lines  including 
angiogenic  factors  are  likely  to  be  responsible  for  the  aggressive  growth  and  metastasis  of  the  AI 
tumor  grown  in  androgen  deficient  environment.  Discrete  growth  mechanisms  by  growth  factors 
other  than  androgen  have  been  previously  suggested  (33). 

Changes  in  the  apoptotic  potential  of  tumor  cells  may  also  be  responsible  for  the 
phenomenon  of  hormonal  escape.  Overexpression  of  bcl-2  (34-36)  accompanied  with 
diminished  levels  of  p53  (36-38)  and  PTEN  mRNA  expression  in  CL  lines  might  explain  the 
resistance  to  apoptosis  with  its  rapid  growth,  radiation  insensitivity  and  chemoresistance  (39, 
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40).  Enhanced  expression  of  caveolin  has  been  associated  with  androgen-resistance  and  prostate 
cancer  progression  (10).  We  however  observed  that  although  an  up-regulated  caveolin  mRNA 
expression  was  found  in  CL1,  the  expression  level  in  CL2  (grown  in  the  presence  androgen  but 
has  AI  phenotype)  diminished  to  the  equivalent  level  seen  in  parental  LNCaP  cells,  yet  it  did  not 
affect  its  aggressive  behavior  in  female  mice  or  castrated  mice.  We  thus  believe  that  caveolin  is 
an  androgen-repressed  gene  but  may  not  be  directly  associated  with  tumor  progression  in  the  CL 
line.  Distinct  genetic  basis  in  CaP  progression  and  development  of  AI  growth  has  been 
postulated  (41).  IL-6-mediated  up-regulation  of  AR  activity  in  a  ligand-independent  manner  in 
CaP  patients  has  been  suggested  (42).  Down  regulation  of  TGF-P,  IL-6  and  EGFR  mRNA 
expression  were  also  seen  in  CL2  as  compared  to  CL1.  We  believe  that  this  may  reflect  the  cell 
response  to  the  restoration  of  exogenous  androgen  and  to  the  growth  factors  in  CL2  culture 
medium.  Abnormal  expression  of  E-cadherin  molecules  in  CaP  correlates  with  Gleason  score  and 
the  extent  of  bone  metastasis  (43).  Loss  of  E-cadherin  mRNA  expression  in  both  CL1  and  CL2 
may  therefore  further  underlie  the  observed  malignant  phenotype. 

Several  AI  mouse  models  of  metastatic  human  prostate  cancer  have  been  developed  so  far. 
Most  of  them  have  been  established  via  natural  in  vivo  selection  following  castration  (20,  44, 
45).  Our  unique  CL  animal  model,  however,  is  the  first  AI  tumor  model  that  was  derived  from 
in-vitro  androgen  deprivation  selection.  Growth  characteristics  of  CL1  and  CL2  lines  resemble 
the  tumor  growth  kinetics  in  patients  with  advanced  CaP  who  progress  during  androgen 
withdrawal  (33).  With  no  stromal  or  mouse  cells  involved,  and  with  the  availability  of  a  parental 
AD  LNCaP  counterpart,  CL1  and  CL2  lines  offer  a  unique  model  for  cellular  and  molecular 
dissection  of  the  mechanism  of  CaP  progression  under  androgen  deprivation  therapy.  Our  current 
findings  suggest  that  new  therapeutic  strategies  for  the  treatment  of  HRPC  should  be  directed  to 
manipulating  the  autocrine,  paracrine,  and  angiogenic  growth  factors  as  well  as  reactivating  the 
sensitivity  to  cell  death  pathways. 
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Legends  to  Figures 

Figure  1.  Clonal  selection  and  expansion  by  androgen  deprivation  treatment  of  LNCaP  cells  in 
culture.  Light  microscopic  pictures  showing  A,  parental  LNCaP  cell  prior  to  androgen 
deprivation  (XI 00);  B-D,  outgrowth  of  new  colonies  during  the  second  week  of  the  androgen 
deprivation  treatment  (XI 00);  E,  stable  androgen-independent  cell  line  derived  from  LNCaP 
designed  CL1  (six  weeks  after  androgen  deprivation)  (X400);  F,  CL2  cell  line  generated  by 
growing  CL1  cells  in  the  presence  of  androgen-containing  medium  (5  weeks  after  re-exposure  to 
androgen) (xlOO) 

Figure  2.  Quantitative  RT-PCR  analysis  for  PSA,  PSM  and  AR  mRNA  expression  in  LNCaP 
cells  under  androgen  deprivation  between  and  following  androgen  restoration.  RNAs  were 
extracted  from  LNCaP  cells  during  the  androgen  deprivation  treatment  and  following  androgen 
restoration  as  indicated.  The  32p_iabeie(j  PCR  products  were  separated  by  electrophoresis 
through  a  7%  acrylamide  gel.  Gels  were  dried  in  vacuo  and  subjected  to  autoradiography.  The 
quantitative  analysis  is  described  in  Materials  and  Methods.  Titrated  standards  prepared  from 
diluted  RNA  samples  is  not  shown. 

Figure  3.  Representative  profile  of  DNA  content  of  LNCaP,  CL1,  and  CL2  cells.  LNCaP,  CL1, 
and  CL2  cells  were  grown  to  80  %  confluence  in  culture  flasks.  Cells  were  stained  with 
propidium  iodide,  and  the  nuclei  were  analyzed  for  DNA  content  by  flow  cytometry.  A  total  of 
10,000  nuclei  were  analyzed  from  each  sample  and  the  percents  of  cells  within  Gl,  S,  and  G2-M 
were  determined. 
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Figure  4.  Growth  profile  of  LNCaP,  CL1,  and  CL2  cells.  Proliferative  activity  of  LNCaP  (♦), 
CL1  (■),  or  CL2  cells  (A)  was  determined  by  A,  3H-thymidine  incorporation  assay,  and  B, 
growth  expansion  curve  (see  Materials  and  Methods). 

Figure  5.  Colony  forming  efficiency  of  LNCaP,  CL1,  and  CL2  cells  in  cultures.  Diluted  cells  as 
indicated  were  seeded  in  10  mm  Petri  dishes.  Cells  were  incubated  for  7  days,  fixed  in  80  % 
alcohol,  stained  with  1%  crystal  violet. 

Figure  6.  Growth  stimulation  of  human  endothelial  cells  and  bone  marrow  stromal  cells  by  co¬ 
culturing  with  LNCaP  or  CL  cells.  Human  endothelial  cells  and  bone  marrow  stromal  cells  were 
grown  in  the  presence  of  LNCaP,  CL1  or  CL2  tumor  lines  for  3  days  in  a  co-culture  device.  The 
growth  of  A,  endothelial  cells  and  B,  bone  marrow  stromal  cells  were  measured  using  a  3H- 
thymidine  incorporation  assay  after  removing  the  co-cultured  tumor  cells. 

Figure  7.  Effect  of  radiation  on  cell  growth.  Aliquots  of  3  x  104  LNCaP  (♦),  CL1  (■),  or  CL2 
cells  (A)  were  seeded  in  24-well  plates  in  triplicates.  Cells  were  exposed  to  various  doses  of 
radiation  as  indicated.  Growth  effects  of  radiation  on  cells  was  measured  by  3H-thymidine 
incorporation  assay  and  expressed  as  percentage  of  growth  inhibition  compared  to  untreated 
control. 

Figure  8.  Effect  of  chemothrapeutic  agents  on  cell  growth.  Aliquots  of  3  x  104  LNCaP  (♦),  CL1 
(■),  or  CL2  cells  (A)  were  seeded  in  24-well  plates  in  triplicate.  A,  Vinblastin,  B,  Taxol,  or  C, 
Etoposide  was  added  at  the  indicated  concentrations.  The  chemosensitivity  of  cells  was  measured 
by  3H-thymidine  incorporation  and  expressed  as  percentage  of  growth  inhibition  compared  to 
untreated  control. 
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Figure  9.  Tutnorigenicity  of  LNCaP,  CL1  or  CL2  xenografts  in  SCID  mice.  One  million  cells 
of  LNCaP  (•),  CL1  (■),  or  CL2  cells  (A)  in  100  jxl  of  RPMI  medium  were  injected 
subcutaneously  into  the  flanks  of  A,  female  and  B,  male  SCID  mice  (n  -  5/proup).  Tumor  growth 
was  measured  at  the  indicated  time  table. 

Figure  10.  Gross  pathology  of  CL1  and  CL2  tumors  in  intact  or  castrated  male  mice.  A,  large 
tumor  masses  with  bulky  lymphadenopathy  5  weeks  after  intraprostatic  injection  (5  x  104cells/5 
|xl).  Aggressive  local  invasion  have  extended  to  rectum,  bladder,  seminal  vesicles,  vertebral 
column,  and  distal  retroperitoneal  lymph  nodes  is  observed.  B,  large  tumor  masses  5  weeks  after 
intratibial  injection  (2  x  104  cells/2pl).  Aggressive  tumor  growth  with  local  invasion  and 
metastasis  to  retroperitoneal  lymph  nodes  (arrow).  C,  X-ray  appearance  of  massive  tumor  growth 
with  invasion  and  destruction  of  bone  tissue  by  CL  tumor.  Both  CL1  and  CL2  tumors  but  not  the 
parental  LNCaP,  have  the  similar  pathological  characteristics. 

Figure  11.  Widespread  metastatic  disease  of  CL1  visualized  by  GFP  expression  under 
fluorescence  microscopy.  A,  CL1  orthotopic  tumor  with  homogeneous  expression  of  GFP  in 
castrated  male  mouse.  B,  metastatic  tumor  in  the  retroperitoneal  lymph  nodes  visualized  by  GFP 
expression.  C,  hematogenous/lymphatic  skeletal  metastases  in  the  femur.  Note  the  intact  cortex 
of  the  bone.  D,  GFP  expression  in  lung  metastases.  E,  dense  metastatic  disease  in  the  liver.  F, 
splenic  tumor  colonies  expressing  GFP.  G,  tumor  metastases  visualized  in  the  kidney  by  GFP 
expression.  H,  tumor  lesions  visualized  in  the  brain  by  GFP  expression. 

Figure  12.  Quantitative  RT-PCR  analysis  of  factors  associated  with  tumor  progression.  RNAs 
were  extracted  from  LNCaP,  CL1,  and  CL2  cells,  and  analyzed  for  quantitative  RT-PCR 
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expression.  Titrated  standards  prepared  from  diluted  RNA  sample  are  not  shown.  Molecular 
weights  of  the  PCR  products  are  stated  in  Materials  and  Methods. 
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